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Abstract—This paper proposes an in situ diagnostic and prog-
nostic (D&P) technology to monitor the health condition of insu-
lated gate bipolar transistors (IGBTs) used in EVs with a focus
on the IGBTs’ solder layer fatigue. IGBTs’ thermal impedance
and the junction temperature can be used as health indicators for
through-life condition monitoring (CM) where the terminal char-
acteristics are measured and the devices’ internal temperature-
sensitive parameters are employed as temperature sensors to es-
timate the junction temperature. An auxiliary power supply unit,
which can be converted from the battery’s 12-V dc supply, pro-
vides power to the in situ test circuits and CM data can be stored in
the on-board data-logger for further offline analysis. The proposed
method is experimentally validated on the developed test circuitry
and also compared with finite-element thermoelectrical simula-
tion. The test results from thermal cycling are also compared with
acoustic microscope and thermal images. The developed circuitry
is proved to be effective to detect solder fatigue while each IGBT in
the converter can be examined sequentially during red-light stop-
ping or services. The D&P circuitry can utilize existing on-board
hardware and be embedded in the IGBT’s gate drive unit.
Index Terms—Electric vehicles (EVs), fault diagnosis, insulated
gate bipolar transistors (IGBTs), prognostics and health manage-
ment, reliability, thermal variable measurement.
I. INTRODUCTION
INSULATED gate bipolar transistor (IGBT) power moduleshave been widely used in high-voltage and high-power ap-
plications such as electric vehicles (EVs) [1], [2], ships [3],
aircraft [4], wind turbines [5], smart grids [6], and industrial
drives [7], primarily due to their superior performance in terms
of power density, switching frequency, energy efficiency, and
cost effectiveness. EVs represent a mass market which is both
safety-critical and cost-sensitive. IGBTs are a weak link in the
EVs’ traction drive so that their failures could lead to a sudden
breakdown of the power converter or even a catastrophic ac-
cident involving human lives [8]–[10]. In general, the lifespan
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Fig. 1. Failure rate of power devices over their lifetime.
of IGBT power switches is much shorter than the drive sys-
tem so that these devices are considered to be “consumables”
which need to be renewed several times within the lifetime of
the system [11] or prior to the vehicle services (600 000 km or
15 years) [12]. Thus, the capital and maintenance costs of power
converters can be very high [9] and predominately affect the
market acceptance of EVs. Over the last 20 years, this issue has
been addressed by improving the device design at component
levels (i.e., semiconductor design and packaging) and system
levels (i.e., overengineering design, soft-switching, snubber cir-
cuit, advanced cooling and modulation schemes). The former
has led to the improved reliability of conventional silicon-based
power modules by the application-oriented design [13], [14], as
well as to the development of high-performance silicon carbide
(SiC) [7], [15] and gallium nitride (GaN) devices [16] which
offer much promise for future EVs. The latter focuses on re-
dundancy design, diagnosis, postfault protection and advanced
control algorithm [1], [17]–[20].
In industry, traditional reliability prediction methods such
as MIL-HDBK-217 [21], PRISM [22], and Telcordia [23] are
based on statistical and empirical data. They employ the fail-
ure rate as a reliability index and generate a so-called bathtub
curve (e.g., Fig. 1). The curve consists of three periods: early
failure period, random failure period, and wear-out failure pe-
riod with different failure rates. In general, early failures are
associated with flawed designs or manufacturing defects so that
such products would fail prematurely, i.e., the failure rate tends
to reduce as the operational time elapses. Random failures are
mainly due to the intermittent excessive stress (electrical, ther-
mal, mechanical, etc.) over the maximum rating of the devices.
The device failure rate can be very low after the early period.
Wear-out failures occur toward the end of the device lifetime,
caused by the operational loading and environmental stresses.
During this period, the failure rate increases rapidly and effective
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Fig. 2. Schematic diagram of a standard IGBT module.
condition monitoring (CM) can significantly lower the operation
and maintenance cost and improve the system availability.
With regard to IGBTs, major wear-out failures are bondwire
lift-off and baseplate solder fatigue [24], [25]. The chip solder
fatigue can also be an issue [26] when the device is subject to
active power cycling. In this study, the IGBT devices are tested
by thermal cycling within a thermal chamber, generating severe
fatigue in the direct copper-bonded (DCB) solder but little im-
pact on the chip solder. The coefficients of thermal expansion
(CTE) mismatch of silicon and DCB is lower than that of the
base plate and DCB. The chip solder also has a much smaller
dimension than the DCB solder layer so that its fatigue is com-
monly ignored when experiencing passive thermal cycling [26].
In order to operate at adverse environments and improve relia-
bility, wirebond-less technologies (e.g., planar packaging [27]
and solderable front metallization [28]) are currently develop-
ing to remove wire bonding. Nonetheless, solder layer fatigue
cannot be eliminated and it remains to be a challenging failure
mode. IGBT bondwire faults are extensively studied in a com-
panion article [1] whereas this paper is devoted specifically to
the solder fatigue.
II. SOLDER FATIGUE IN IGBT POWER MODULES
IGBT power modules operating at variable load conditions
in EVs experience repetitive thermomechanical stress due to
power cycles and thermal cycles [29], [30].
A. Failure Mechanisms
A simplified cross-sectional view of a standard IGBT power
module is shown in Fig. 2. Typically, a DCB substrate, which
is made of ceramic and metallized copper films, is attached to
the copper base plate by the solder layer. The IGBT chip is sol-
dered onto the DCB substrate and the chip surface is connected
to copper tracks via aluminum wire bonds. The assembly is
then housed in a plastic case and encapsulated with silicon gel.
Furthermore, a thermal interface material (e.g., thermal grease)
is inserted between the base plate and heat sink to improve
physical integrity and thermal transfer. Presently, some IGBT
modules for EV applications use integrated heat sinks [31], [32]
to eliminate the need for the baseplate. However, the tempera-
ture difference across the power chip increases and its thermal
overloading capability is reduced.
Because of different CTE for adjacent layers in the multilay-
ered module, excessive thermomechanical stress presents in the
solder layer. Consequently, solder fatigue appears and accumu-
lates between the base plate and the DCB substrate in the form
of creep [33], voids [34], cracks or delamination [35]. These
increase the heat flux density in the remaining solder layer and
retard the heat dissipation. If left untreated, the fault can grow
in size and lead to an ultimate failure. In this process, the ther-
mal impedance through the heat transfer paths increases and so
does the power loss to increase the chip temperature. In turn, the
escalated deterioration may trigger other failure models such as
hot-spots, latch-up, burn-out, leading to bond wire or even chip
failures. As a consequence, the majority of in-service IGBTs
can only operate for a fraction of their life expectancy.
B. Technologies for Detecting Solder Fatigue
Generally, existing CM technologies can be divided into
two methods: model-based and data-driven. The model-based
method utilizes a parameterized physics of failure (PoF) model
[36], [37] to determine the degradation based on life-cycle loads,
material properties, and packaging factor [14]. However, PoF
models are limited to only one failure mechanism where in re-
ality multiple degradation factors can collectively contribute to
solder fatigue. In order to derive a PoF model, the coefficients
of a device need to be determined experimentally which intro-
duces errors from device inhomogeneity, filtering, and curve
fitting [36]. Furthermore, a high fidelity model is computation-
ally costly and is often impractical for in situ measurements.
In contrast, data-driven methods take advantage of the infor-
mation from available measurements but usually involve pat-
tern recognition and machine learning to extract the diagnostic
and prognostic (D&P) signatures from the monitored parame-
ters. The information can be used to correlate with the damage
growth. Data-driven methods are practical, computationally ef-
ficient, and can discriminate between different failure mecha-
nisms in a complex multivariate system.
For monitoring the solder fatigue, nondestructive testing tech-
niques are reported in use such as scanning acoustic tomogra-
phy [38] and active thermography [39], [40]. Nonetheless, these
methods rely on sophisticated, expensive measurement equip-
ment and are only applicable to offline intrusive measurements.
Alternatively, the junction-to-case thermal impedance has been
widely used as a precursor of solder failures [34], [41], [42],
which provides an insight into multiple-layer devices with a
spatial resolution [43]. On this basis, this paper develops a
new in situ D&P method to estimate the changes in thermal
impedance consequent upon occurred faults or thermal aging.
III. IMPLEMENTATION OF THE PROPOSED METHOD
At the vehicle market, nearly all new models are equipped
with some fault diagnostic functions such as overvoltage, over-
current, overtemperature in gate drivers and interfaced with the
vehicle’s electronic control unit (ECU). But these are postfault
measures and are difficult to protect the switching devices from
short-circuits [44]. In EVs, gate drivers need to interface with
the master controller or ECU when faults are present, causing a
delayed response and fault propagation. In this paper, the health
condition of IGBTs is evaluated by characterizing the transient
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Fig. 3. Train of current pulses for solder D&P tests.
thermal impedance (TTI) curve along with IGBTs’ lifelong ag-
ing models established from analytical and data-driven methods.
The technology can provide both D&P functions and the in situ
measurement circuitry can be integrated into current gate drivers
to interface with ECUs.
A. Junction Temperature Measurement
Direct measurement of the semiconductor device junction
temperature is impractical [45]. A common alternative is to
measure the temperature sensitive electrical parameters (TSEPs)
[46]–[48]. This work utilizes the on-state voltage drop (VCE)
as a TSEP and measures it after injecting a low dc current (Il)
into the device. Additionally, a high dc current (Ih) is used for
the TTI characterization [49]. As a result, a train of pulses is
generated for both measurements, as illustrated in Fig. 3.
A TSEP calibration is carried out at low currents to obtain
a TSEP calibration curve over a wide temperature range (25–
135 ◦C in this case). In this test, the ohmic voltage drop at
bondwires and terminals is negligible [1] because of a very low
current used for calibration. The terminal voltage at high cur-
rent pulses (VCE(h)) is directly measured to find power losses.
Tj is derived from the VCE(l) measurement after the current is
switched from high to low. Three measurement points are taken
successively and averaged to estimate Tj with an aid of the pre-
determined TSEP calibration curves. Since some disturbances
may be present at the switching transients, an initial delay time
is inserted to attain valid temperature information. Therefore,
it is required to trace back to zero time in heating tests by an
extrapolation method.
B. Determination of Reference Temperature
The device case temperature is taken as reference and four
temperature sensors (k-type thermocouples) are installed at four
locations to obtain an average temperature (see Fig. 4) accord-
ing to the industrial practice [50]–[52]. Tr1 and Tr2 are glued
on the case back surface directly below the chip center of the
freewheeling diode and IGBT, respectively. Tr3 is placed in a
drill hole, 3 mm away from the chip edge and 2 mm from the
top surface of the heat sink. Tr4 is at the edge of the base plate.
Fig. 4. Locations of thermocouples for an average case temperature.
In this experiment, the noises in junction temperature and
case temperature are 0.6 and 0.3 ◦C (peak-to-peak), respectively.
These correspond to the resolution for the thermal impedance
measurement of ±0.003 ◦C/W with a sampling time of 4 ms.
C. Experimental Setup
Fig. 5 shows the experimental setup. In Fig. 5(a), the IGBT is
placed in a thermal chamber to maintain a required testing envi-
ronment and tested with the proposed D&P circuit. In Fig. 5(b),
T1–T6 are six identical IGBTs and D1–D6 are six freewheel-
ing diodes. The measurement circuitry consists of an auxiliary
power supply unit (PSU); a gate drive and protection circuit; a
measurement circuit with digital isolation; and several selector
relays.
IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Finite Element Method (FEM) Simulation Results
An FEM in COMSOL Multiphysics environment is used to
evaluate the IGBT thermal characteristics under different solder
fatigue conditions. The ambient temperature is set to 20 ◦C and
a defined heat transfer coefficient is applied to the bottom of the
heat sink to simulate the forced air cooling. A dissipative power
step is applied to the active chip volume homogeneously (i.e.,
up to 100 μm from the chip top surface). The heat flow in each
layer is calculated by
ρCp
∂T
∂t
+∇ · (−k∇T ) = Q + qsT (1)
where ρ,Cp , k,Q, and qs are the density, heat capacity, thermal
conductivity, injected heat power, and absorption/production
coefficient, respectively. The material and the dimension of each
layer are given in Tables I and II. The solder fatigue is modeled
by creating a 3-μm-thick vacuum “delamination” layer (with
infinite thermal resistance) in the solder layer between the DCB
and the baseplate.
Simulation results are presented in Fig. 6 for comparison. It
can be seen that, as the thermal cycle increases, the remaining
solder area reduces and the delamination spreads from the edge
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Fig. 5. Proposed in situ D&P circuitry [1]. (a) Photographs of the experimental
setup. (b) Schematic diagram of the D&P.
TABLE I
MATERIALS OF THE IGBT MODULE LAYERS
TABLE II
DIMENSIONS OF THE IGBT MODULE
Fig. 6. Simulation results for remaining DCB solder areas in % as a result of
solder fatigue.
Fig. 7. Voltage and heat dissipation at different ambient temperatures.
(a) Voltage as a function of time. (b) Power as a function of time.
to center. In addition, excessive heat is generated above the
“delamination” as the result of the increased thermal impedance
(i.e., aging).
B. Power Loss Measurements
A 60-A heating current is injected during the IGBT’s forward
conduction state while the ambient temperature is controlled
within the thermal chamber. The current and voltage are mea-
sured to compute the instantaneous power input. VCE(on) con-
sists of the voltage drop across the silicon chip (Vchip ) and across
the stray impedance (Vstray ) accounting for terminal leads and
DCB films. VCE(on) gradually increases with the rising junc-
tion temperature during the heating period. The observed power
dissipation is shown in Fig. 7 where the power is segmentally
averaged for TTI measurements.
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Fig. 8. TTI curves at different ambient temperatures.
Since a fixed dc current is used for injection, the injected
power is not constant. To simplify the calculation of the heat
power, it is decomposed into a series of power pulses. Within a
pulse, the power is considered to be constant. This power wave-
form can be represented approximately by m sequential pulses
with averaged amplitudes of P1 , P2 , . . ., Pm . The amplitude of
each pulse with N samples is calculated by
Pav =
1
N
N∑
u=1
VCE(on) (u) · IC (u). (2)
In this paper, heat is assumed to conduct along a single dom-
inant path from the IGBT junction to the environment. This
offers a spatial inspection of the fault location in the multilay-
ered power module. By controlling the duration of the applied
heating pulses, the depth of the heat diffusion from IGBT chips
can be regulated so that the heat flux through the solder layer can
be developed sequentially (i.e., baseplate, thermal grease, and
heat sink). This enables a fast condition estimation and a focus
on the solder layer. Alternatively, it can increase heat loss (i.e.,
high temperature gradient) for a given thermal resistance. Thus,
a 60-A heating current is chosen to give a sufficient increase in
ΔTjr (circa 100 ◦C) while still limiting the junction temperature
to <150 ◦C, even in the worst-case scenario.
C. Thermal Response at Different Ambient Temperatures
The thermal impedance is measured at the ambient temper-
ature of 0, 20, and 40 ◦C, as shown in Fig. 8. The heat flux
distribution is altered due to the combined effect of silicon ther-
mal conductivity and power dissipation variation. VCE(on) varies
with Vchip while the change in Vstray caused by the copper ther-
mal conductivity is negligible.
The average thermal impedance at t = 1 s and 2 s are plotted
against the ambient temperature in Fig. 9. It can be observed that
Fig. 9. Averaged thermal impedance at t =1 s and 2 s.
Fig. 10. TTI curves under different injection currents.
the thermal impedance has a nearly linear characteristic against
the ambient temperature. Therefore, the thermal impedance can
be derived by linear curve fitting and a 3-D look-up table at
various ambient temperatures can be created for the IGBT’s
healthy baselines. Any noticeable rise in measurement results
above the baseline will indicate thermal path degradation. In
Fig. 9, the dotted lines also show a 0.01 ◦C/W drift from the
initial thermal impedance at t = 1 s and 2 s. Clearly, the thermal
deterioration can be easily identified.
D. Thermal Impedance With Different Injection Currents
TTI curves are obtained to study the impact of injection cur-
rents (20, 40, and 60 A), as shown in Fig. 10. Test results do not
match perfectly at different injection currents. This is because at
a higher injection current an increased heat dissipates through
the terminal leads and chip surface, rather than a downward
conduction route as assumed. This effect needs to be factored
when evaluating the test results.
Since the thermal resistance of the DCB solder is only a
fraction of the total junction-to-case thermal resistance, a high
power is preferred to produce a large temperature gradient for
heating tests. By doing so, the signal-to-noise ratio is improved
and so is the measurement accuracy.
E. Effects of Bondwire Failures on Solder Fatigue
In practice, bond wires age when solder layers do so. Be-
cause of this coupling effect, the wire failures and subsequently
increased heat can speed up the solder layer fatigue. A series of
TTI tests are performed with six, five, four, and three healthy
bondwires. The bondwire breakage is realized by cutting off the
1540 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 3, MARCH 2015
Fig. 11. Comparison of TTI curves with different healthy wires.
Fig. 12. Ambient temperature profile for the thermal aging test.
wire one after another. As shown in Fig. 11, the power dissipa-
tion and junction temperature in the remaining wires increase
as the wire is disconnected. However, the variation of thermal
impedance is negligible in spite of broken wire faults. This is
because the majority of the diverted heat passes downward into
the heat sink. This confirms the effectiveness of the TTI method
for monitoring bond wire lift-off failures.
F. Thermal Cycling Tests
A thermal aging test is conducted in a two-chamber thermal
shocker with the temperature varying between −50 and 160 ◦C
(see Fig. 12). The transition time is 2 min. The dwell time is
set to 10 min, allowing the assembly to reach the maximum and
minimum temperatures. The thermal cycling is interrupted at
800 and 1300 cycles for inspection.
The degradation of the solder layer between the DCB and
the base plate is also examined by a C-mode scanning acoustic
microscope (SAM). On detecting the reflected acoustic signal
upon an injection, the delamination patterns can be visually
examined. Fig. 13 presents three SAM images of two 70 A
Fig. 13. Remaining DCB solder areas in % observed by the SAM.
Fig. 14. Impedance results under different thermal aging cycles.
600 V IGBTs in one module from new (a), after 800 (b) and
after 1300 cycles (c). The remaining DCB solder area (given in
%) is calculated by the grayscale image processing programme
using Matlab. These photos clearly show that the damage ini-
tiates around the circumferential area and propagates inwards
to the center. In addition, it is also interesting to see the differ-
ences in the damage between the two IGBTs: less than 1% from
new, 12% at both 800 and 1300 cycles. This is not uncommon
from previous observations, suggesting a necessity for improv-
ing quality control in the packaging process of manufacturing
power IGBT devices.
Impedance results are illustrated in Fig. 14, with a compari-
son of the thermal image results. A direct, positive correlation
between the two methodologies can be clearly seen at 0, 800,
and 1300 cycles since the two observe the same fatigue mech-
anism. As the delamination propagates deeper, the heat dissi-
pation area shrinks and thus the thermal impedance increases.
These changes are sufficiently large to be identified in this case.
This may favor the data driven methods which do not rely on
accurate lifelong thermal models. As for the die-attach solder
layer, its degradation can also be detected with the developed
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Fig. 15. Temperature changes at the IGBT surface.
D&P system but the magnitude and duration of the heating pulse
should be optimized.
Moreover, the IGBT chip surface temperature under healthy
(0 cycle) and aged conditions (1300 cycles) is also captured by a
thermal camera for further comparison. As shown in Fig. 15(a),
the maximum chip temperature rises from 117 ◦C in the initial
state (healthy) to 129 ◦C in an aged state when the DCB solder
changes from a healthy to a degraded state after 1300 thermal
cycles. The temperature gradient over the IGBT chip surface
varies from less than 50 ◦C in the initial state to more than 55 ◦C
in the aged state, as demonstrated in Fig. 15(b).
V. CONCLUSION
IGBTs become the most vulnerable component in the electri-
cal drivetrain of EVs, their failure would bring about safety and
economic issues. This paper has addressed these by developing
a D&P circuitry for IGBT solder fatigue detection.
Test results from simulation, experiments, scanning acous-
tic and thermal images have clearly shown that, with the
gradual solder layer degradation, the junction-to-case thermal
impedance and chip surface temperature will increase. High
accuracy and sensibility of IGBT terminal parameter and tem-
perature measurements would be necessary to evaluate thermal
impedance so as to reveal such degradation.
The effectiveness of the developed technology is validated
in terms of in situ monitoring the IGBT solder fatigue. The
D&P functions can be embedded in the IGBT’s gate drive unit
(GDU) to improve system reliability and fault predictability. In
order to minimize modifications to the system architecture and
control algorithm, the measurement (junction temperature, volt-
age and/or current), protection (e.g., dc-bus voltage and voltage
transients) and data postprocessing functions can be integrated
into the GDU. The GDU can also control the selector relays
to enable the sequential tests of the IGBTs, which can be con-
ducted during stop-and-go traffic conditions or routine services.
Although the paper has focused on automotive applications, the
developed technology can be applied to many other applications
such as wind turbines, smart grids, and industrial drives.
Presently, some intelligent power modules are equipped with
on-chip temperature sensors for overtemperature protection. It
is also possible to utilize these sensors for measuring junction
temperature in the integrated GDU. Another tendency in IGBT
packaging is to develop baseplate-free power modules which
can eliminate the need for baseplates. However, in absence of
baseplates, the temperature difference across the power chip in-
creases and their thermal overloading capability is reduced. This
may be improved by the latest sintering technology but the con-
sequent manufacturing costs are high. Furthermore, these de-
vices are only available from few selected manufacturers while
the proposed technology can be applied to all standard IGBT
modules available on the marketplace.
REFERENCES
[1] B. Ji, V. Pickert, W. Cao, and B. Zahawi, “In situ diagnostics and prognos-
tics of wire bonding faults in IGBT modules for electric vehicle drives,”
IEEE Trans. Power Electron., vol. 28, no. 12, pp. 5568–5577, Dec. 2013.
[2] Z. Xu, M. Li, F. Wang, and Z. Liang, “Investigation of Si IGBT operation
at 200 ◦C for traction applications,” IEEE Trans. Power Electron., vol. 28,
no. 5, pp. 2604–2615, Sep. 2013.
[3] B. Zahedi and L.E. Norum, “Modeling and simulation of all-electric ships
with low-voltage DC hybrid power systems,” IEEE Trans. Power Elec-
tron., vol. 28, no. 10, pp. 4525–4537, Oct. 2013.
[4] W. Cao, B. C. Mecrow, G. J. Atkinson, J. W. Bennett, and D. J. Atkinson,
“Overview of electric motor technologies used for more electric aircraft
(MEA),” IEEE Trans. Ind. Electron., vol. 59, no. 9, pp. 3523–3531, Sep.
2012.
[5] O.S. Senturk, L. Helle, S. Munk-Nielsen, P. Rodriguez, and R. Teodorescu,
“Power capability investigation based on electrothermal models of press-
pack IGBT three-level NPC and ANPC VSCs for multimegawatt wind
turbines,” IEEE Trans. Power Electron., vol. 27, no. 7, pp. 3195–3206,
Jul. 2012.
[6] M. Yilmaz and P. T. Krein, “Review of the impact of vehicle-to-grid
technologies on distribution systems and utility interfaces,” IEEE Trans.
Power Electron., vol. 28, no. 12, pp. 5673–5689, Dec. 2013.
[7] G. Xun and J.A. Ferreira, “Comparison and reduction of conducted EMI in
SiC JFET and Si IGBT-based motor drives,” IEEE Trans. Power Electron.,
vol. 29, no. 4, pp. 1757–1767, Apr. 2014.
[8] H. Wang, M. Liserre, and F. Blaabjerg, “Toward reliable power electronics:
challenges, design tools, and opportunities,” IEEE Ind. Electron. Mag.,
vol. 7, no. 2, pp. 17–26, Jun. 2013.
[9] M. A. Masrur, “Penalty for fuel economy-system level perspectives on the
reliability of hybrid electric vehicles during normal and graceful degrada-
tion operation,” IEEE Syst. J., vol. 2, no. 4, pp. 476–483, Dec. 2008.
[10] K. Rajashekara, “Present status and future trends in electric vehicle propul-
sion technologies,” IEEE J. Emerging Select. Topics Power Electron.,
vol. 1, no. 1, pp. 3–10, Mar. 2013.
[11] A. Ristow, M. Begovic, A. Pregelj, and A. Rohatgi, “Development of a
methodology for improving photovoltaic inverter reliability,” IEEE Trans.
Ind. Electron., vol. 55, no. 7, pp. 2581–2592, Jul. 2008.
[12] Handbook for robustness validation of automotive electrical/electronic
modules. ZVEI. <www.zvei.org>, Jun. 2013.
[13] F. Carastro, A. Castellazzi, J. Clare, and P. Wheeler, “High-efficiency
high-reliability pulsed power converters for industrial processes,” IEEE
Trans. Power Electron., vol. 27, no. 1, pp. 37–45, Jan. 2012.
[14] M. Thoben, K. Mainka, R. Bayerer, I. Graf, and M. Mu¨nzer, “From vehicle
drive cycle to reliability testing of power modules,” Automot. Power, no. 6,
pp. 21–25, 2008.
1542 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 3, MARCH 2015
[15] A. Merkert, T. Krone, and A. Mertens, “Characterization and scalable
modeling of power semiconductors for optimized design of traction in-
verters with Si- and SiC-devices,” IEEE Trans. Power Electron., vol. 29,
no. 5, pp. 2238–2245, May 2014.
[16] R. Mitova, R. Ghosh, U. Mhaskar, D. Klikic, M. X. Wang, and A. Dentella,
“Investigations of 600V GaN HEMT and GaN diode for the power con-
verter applications,” IEEE Trans. Power Electron., vol. 29, no. 5, pp. 2441–
2452, May 2014.
[17] T.L.P. Thi, F. Richardeau, and G. Gateau, “Real-time monitoring for a
five-level double-boost power factor controller including post-fault recon-
figuration,” IEEE Trans. Ind. Electron., vol. 60, no. 9, pp. 4128–4135,
Sep. 2013.
[18] D.W. Brown, M. Abbas, A. Ginart, I. N. Ali, P. W. Kalgren, and
G. J. Vachtsevanos, “Turn-off time as an early indicator of insulated gate
bipolar transistor latch-up,” IEEE Trans. Power Electron., vol. 27, no. 2,
pp. 479–489, Feb. 2012.
[19] I. Baraia, J. Barrena, G. Abad, J. M. Canales Segade, and U. Iraola, “An
experimentally verified active gate control method for the series con-
nection of IGBT/diodes,” IEEE Trans. Power Electron., vol. 27, no. 2,
pp. 1025–1038, Feb. 2012.
[20] F. Richardeau, P. Baudesson, and T.A. Meynard, “Failures-tolerance and
remedial strategies of a PWM multicell inverter,” IEEE Trans. Power
Electron., vol. 17, no. 6, pp. 905–912, Nov. 2002.
[21] “Reliability prediction of electronic equipment,” Dept. Defense Standard
MIL-HDBK-217-F, 1991.
[22] D. Dylis, “PRISM: A new approach to reliability prediction,” Amer. Soc.
Quality Control Rel. Rev., vol. 21, no. 1, pp. 5–14, 2001.
[23] “Reliability prediction procedure (RPP) for electronic equipment,” Tel-
cordia SR332, 2001.
[24] C. Busca, R. Teodorescu, F. Blaabjerg, S. Munk-Nielsen, L. Helle,
T. Abeyasekera, and P. Rodriguez, “An overview of the reliability
prediction related aspects of high power IGBTs in wind power ap-
plications,” Microelectron. Rel., vol. 51, no. 9–11, pp. 1903–1907,
2011.
[25] Z. Luo, H. Ahn, and M. A. E. Nokali, “A thermal model for insulated gate
bipolar transistor module,” IEEE Trans. Power Electron., vol. 19, no. 4,
pp. 902–907, Jul. 2004.
[26] T. Herrmann, M. Feller, J. Lutz, R. Bayerer, and T. Licht, “Power cycling
induced failure mechanisms in solder layers,” in Proc. Eur. Conf. Power
Electron. Appl., Sep. 2007, pp. 1–7.
[27] X. Cao, G. Lu, and K. D. T. Ngo, “Planar power module with low thermal
impedance and low thermomechanical stress,” IEEE Trans. Compon.,
Packag. Manuf. Technol., vol. 2, no. 8, pp. 1247–1259, Aug. 2012.
[28] H.R. Chang, J. Bu, G. Kong, and R. Labayen, “300A 650V 70 um thin
IGBTs with double-sided cooling,” in Proc. IEEE 23rd Int. Symp. Power
Semicond. Devices ICs, 2011, pp. 320–323.
[29] Y. Shaoyong, A. Bryant, P. Mawby, X. Dawei, R. Li, and P. Tavner, “An
industry-based survey of reliability in power electronic converters,” IEEE
Trans. Ind. Appl., vol. 47, no. 3, pp. 1441–1451, May/Jun. 2011.
[30] U. Scheuermann, “Reliability challenges of automotive power electron-
ics,” Microelectron. Rel., vol. 49, no. 9–11, pp. 1319–1325, 2009.
[31] R. Bayerer, “Higher junction temperature in power modules—A demand
from hybrid cars, a potential for the next step increase in power density for
various variable speed drives,” in Proc. Int. Exhib. Conf. Power Convers.,
Intell. Motion Power Quality Eur., 2008.
[32] A. Munding, M. Thoben, T. Hong, M. Nold, M. Kerkhoff, E. Mongui,
and S. Lutz, “Compact PCB-packaging and water cooling of a 25-kW
inverter,” in Proc. Int. Exhib. Conf. Power Convers., Intell. Motion Power
Quality Eur., 2010, pp. 159–164.
[33] W.D. Zhuang, P. C. Chang, F. Y. Chou, and R. K. Shiue, “Effect of solder
creep on the reliability of large area die attachment,” Microelectron. Rel.,
vol. 41, no. 12, pp. 2011–2021, 2001.
[34] D. C. Katsis and J. D. Van Wyk, “Void-induced thermal impedance in
power semiconductor modules: Some transient temperature effects,” IEEE
Trans. Ind. Appl., vol. 39, no. 5, pp. 1239–1246, Sep./Oct. 2003.
[35] M. Bouarroudj, Z. Khatir, J. P. Ousten, and S. Lefebvre, “Temperature-
level effect on solder lifetime during thermal cycling of power mod-
ules,” IEEE Trans. Device Mater. Rel., vol. 8, no. 3, pp. 471–477, Sep.
2008.
[36] H. Huang and P. A. Mawby, “A lifetime estimation technique for voltage
source inverters,” IEEE Trans. Power Electron., vol. 28, no. 8, pp. 4113–
4119, Aug. 2013.
[37] Y. Li, P. A. Agyakwa, and C. M. Johnson, “Physics-of-failure lifetime pre-
diction models for wire bond interconnects in power electronic modules,”
IEEE Trans. Device Mater. Rel., vol. 13, no. 1, pp. 9–17, Mar. 2013.
[38] A. Watanabe and I. Omura, “Real-time failure imaging system under
power stress for power semiconductors using scanning acoustic tomogra-
phy (SAT),” Microelectron. Rel., vol. 52, no. 9/10, pp. 2081–2086, 2012.
[39] K. Li, G. Tian, L. Cheng, A. Yin, W. Cao, and S. Crichton, “State detection
of bond wires in IGBT modules using eddy current pulsed thermography,”
IEEE Trans. Power Electron., vol. PP, no. 99, pp. 1, 2013.
[40] C. Maierhofer, M. Ro¨llig, H. Steinfurth, M. Ziegler, M. Kreutzbruck,
C. Scheuerlein, and S. Heck, “Non-destructive testing of Cu solder con-
nections using active thermography,” NDT E Int., vol. 52, pp. 103–111,
2012.
[41] X. Cao, T. Wang, K. D. T. Ngo, and G. Q. Lu, “Characterization of
lead-free solder and sintered nano-silver die-attach layers using thermal
impedance,” IEEE Trans. Compon., Packag. Manuf. Technol., vol. 1, no. 4,
pp. 495–501, Apr. 2011.
[42] “Transient dual interface test method for the measurement of the thermal
resistance junction to case of semiconductor devices with heat flow trough
a single path,” JESD51-14, EIA/JEDEC Standard, 2010.
[43] A. Hensler, C. Herold, J. Lutz, and M. Thoben, “Thermal impedance
monitoring during power cycling tests,” in Proc. Int. Exhib. Conf. Power
Convers., Intell. Motion Power Quality, May 2011, pp. 241–246.
[44] X. Perpina, J. F. Serviere, J. Urresti-Ibanez, I. Cortes, X. Jorda, S. Hidalgo,
J. Rebollo, and M. Mermet-Guyennet, “Analysis of clamped inductive
turnoff failure in railway traction IGBT power modules under overload
conditions,” IEEE Trans. Ind. Electron., vol. 58, no. 7, pp. 2706–2714,
Jul. 2011.
[45] Y. Avenas, L. Dupont, and Z. Khatir, “Temperature measurement of power
semiconductor devices by thermo-sensitive electrical parameters-a re-
view,” IEEE Trans. Power Electron., vol. 27, no. 6, pp. 3081–3092, Jun.
2012.
[46] Z. Xu, D. Jiang, M. Li, P. Ning, F. Wang, and Z. Liang, “Development of Si
IGBT phase-leg modules for operation at 200◦C in hybrid electric vehicle
applications,” IEEE Trans. Power Electron., vol. 28, no. 12, pp. 5557–
5567, Dec. 2013.
[47] V. Smet, F. Forest, J. Huselstein, A. Rashed, and F. Richardeau, “Eval-
uation of VC E monitoring as a real-time method to estimate aging of
bond wire-IGBT modules stressed by power cycling,” IEEE Trans. Ind.
Electron., vol. 60, no. 7, pp. 2760–2770, Jul. 2013.
[48] D. L. Blackburn, “Temperature measurements of semiconductor
devices—A review,” in Proc. IEEE 20th Annu. Semicond. Thermal Meas.
Manage. Symp., 2004, pp. 70–80.
[49] M. Feller, J. Lutz, R. Bayerer, and O. Krasel, “Power cycling of IGBT-
modules with different current waveforms,” in Proc. Int. Exhib. Conf.
Power Convers., Intell. Motion Power Quality Eur., May 2007, Germany.
[50] Fuji Electric Device Technology Co., Ltd, Fuji IGBT-IPM application
manual (Apr. 2014). [Online]. Available: http://www.fujielectric.com/
products/
semiconductor/technical/application/box/doc/REH983a/REH983a.pdf
[51] Semikron, “SKiM IGBT Modules Technical Explanations,” vol. 1.5, De-
muth, Jul. 2011.
[52] P. Kanschat, T. Stolze, D. Kreuzer, and R. Cordes, “The thermal heat sink
interface of IGBT modules w/o base plate - a comprehensive experimental
and simulation study,” in Proc. Int. Exhib. Conf. Power Convers., Intell.
Motion Power Quality Eur., 2006.
Bing Ji (M’13) received the M.Sc. and Ph.D. de-
grees in electrical and electronic engineering from
Newcastle University, England, in 2007 and 2012,
respectively.
He was a Power Electronics Engineer with a UK
low-emission vehicle company from 2012, where he
worked on powertrain development for hybrid elec-
tric vehicles and battery management systems. Since
2013, he has been a Postdoctoral Researcher at New-
castle University, where he is involved in accurate
power loss measurement and health management for
power electronics. His research interests include reliability study of power semi-
conductor devices, batteries and power electronics converters, function integra-
tion of gate drivers, electrothermal modeling, thermal management and high
power-density converter integration for electric vehicle applications. He is also
a member of the IET.
JI et al.: In Situ DIAGNOSTICS AND PROGNOSTICS OF SOLDER FATIGUE IN IGBT MODULES FOR ELECTRIC VEHICLE DRIVES 1543
Xueguan Song received the B.S. degree in mechan-
ical engineering from Dalian University of Technol-
ogy, China, in 2004, and the M.S. and Ph.D. degrees
in mechanical engineering from Dong-A University,
South Korea, in 2007 and 2010, respectively.
He is currently an EPSRC Research Associate in
the School of Electrical and Electronic Engineering
at Newcastle University, U.K. He has published more
than 30 peer-reviewed papers, 1 book and 1 book
chapter in various research fields including engineer-
ing optimization, computational fluid dynamics anal-
ysis, thermal management and power electronics. His research interest includes
multidisciplinary design optimization, electronic packaging design, reliability
and modeling, computational fluid dynamics and thermal management.
Dr. Song is the recipient of best paper award at LDIA’13 Conference, best
poster awards at CSO 2011 and PCO’2010 Conferences and honorable mention
award in the Ph.D. student paper symposium and competition at the 2010 ASME
PVP Conference.
Wenping Cao (M’05–SM’11) received the B.Eng.
degree in electrical engineering from Beijing Jiao-
tong University, China, in 1991, and the Ph.D. degree
in electrical machines and drives from the University
of Nottingham, U.K., in 2004.
He is currently a Senior Lecturer with Queen’s
University Belfast, U.K. His research interests in-
clude thermal performance of electric machines,
drives and power electronics.
Dr. Cao is the recipient of the Best Paper Award at
the LDIA’13 Conference. He serves as an Associate
Editor for the IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, IEEE Indus-
try Applications Magazine, IET Power Electronics, and nine other International
Journals. He is also a member of the Institution of Engineering and Technology
and a fellow of Higher Education Academy.
Volker Pickert (M’04) received the Dipl.-Ing. de-
gree in electrical and electronic engineering from the
Rheinisch–Westfaelische Technische Hochschule,
Aachen, Germany, in 1994, and the Ph.D. degree from
Newcastle University, Newcastle upon Tyne, U.K., in
1997.
From 1998 to 1999, he was Application Engineer
with Semikron International, Nuremberg, Germany,
and from 1999 to 2003 he was Group Leader at Volk-
swagen, Wolfsburg, Germany, and responsible for the
development of electric drives for electric vehicles.
In 2003, he was appointed as a Senior Lecturer within the Power Electronics,
Drives and Machines Research Group at Newcastle University and in 2011 he
became Professor of Power Electronics. He has published more than 80 papers
in the area of power electronics. His current research includes power electronics
for automotive applications, thermal management, fault-tolerant converters and
advanced nonlinear control.
Prof. Pickert is the recipient of the IMarEst Denny Medal for the best paper in
the Journal of Marine Engineering and Technology in 2011. He was chairman of
the biannual international IET conference on Power Electronics, Machines and
Drives in 2010. He is an executive steering member of the IET PGCU network
and a member of the EPE.
Yihua Hu (M’13) received the B.S. degree in elec-
trical motor drives and the Ph.D. degree in power
electronics and drives, both from China University of
Mining and Technology, Jiangsu, China, in 2003 and
2011, respectively.
Between 2011 and 2013, he was with the College
of Electrical Engineering, Zhejiang University as a
Postdoctoral Fellow. Between November 2012 and
February 2013, he was an academic Visiting Scholar
with the School of Electrical and Electronic Engi-
neering, Newcastle University, Newcastle upon Tyne,
U.K. He is currently a Research Associate with the Department of Electronic
and Electrical Engineering, University of Strathclyde, Glasgow, U.K. He has
published more than 20 technical papers in leading journals and conference
proceedings. His research interests include PV generation systems, dc–dc/dc–
ac converters, and electrical motor drives.
John William Mackersie received the B.Sc. degree
in physics from the University of Edinburgh, U.K., in
1982, and the Ph.D. degree from the Robert Gordon
Institute of Technology, Aberdeen, U.K., in 1989.
He became a Research Fellow in 1989 with the
Electrical Materials Group, and a Senior Research
Fellow in 2002 with the High Voltage Technologies
Group in the Department of Electronic and Electrical
Engineering at the University of Strathclyde, Glas-
gow, U.K. In 2005, he joined the Centre for Ultra-
sonic Engineering where his current research inter-
ests include the use of scanning acoustic microscopy and the development of
ultrasonic arrays for nondestructive evaluation of difficult materials and complex
structures.
Gareth Pierce received the B.Sc. (Hons.) degree in
pure and applied physics, and the Ph.D. degree in
fiber optic applications to laser ultrasonics from the
University of Manchester, U.K., in 1989 and 1993,
respectively.
He is a Reader in the Department of Electronic
and Electrical Engineering at the University of Strath-
clyde, Glasgow, U.K. He is based in the Centre for
Ultrasonic Engineering where his research interests
include nondestructive testing and evaluation, struc-
tural health monitoring, automated robotic inspec-
tion, uncertainty analysis in dynamic systems, laser ultrasonics and optical-
based metrology systems.
